In this study, a partially submerged vertical cylinder is moved at constant velocity through water, which is initially at rest. During the motion, the wake behind the cylinder induces free- 
I. INTRODUCTION
The flow past ships [1, 2], or an emerged body such as bridge pillar, is a fundamental, familiar and fascinating sight. Measurements and modeling of this simple flow can have relevance for the floating offshore structures and renewable energy systems [3, 4] . The disordered motion of the free-surface in the wake of the cylinder is related to the drag and lift effect experienced by the cylinder. The wake pattern is responsible for the surface waves and probably the air-entrainment. Many experiments and numerical works have considered a single vertical cylinder geometry in fully submerged situation [5] [6] [7] [8] [9] . These works reported the drag force measurements on the circular cylinders as a function of the Reynolds number
Re defined as Re = U D/ν with U the velocity, D the cylinder diameter and ν the kinematic viscosity of the fluid. In addition, Schewe [5] showed the occurrence of a drag crisis at Re ≈ 350 000, which separates two distinct regions of nearly constant dimensionless drag coefficient, C D , defined later. In the subcritical regime, for Re < 350 000, the drag coefficient and the vortex-shedding frequency f characterized by Strouhal number St = f D/U , are almost constant at C D ≈ 1.2 and St ≈ 0.2. In this regime, the flow is characterized by a turbulent wake with a laminar boundary layer separation [10] .
In contrast to fully submerged situations, few studies have been done taking into account the effect of a free-surface, which modifies the pressure distribution around the cylinder.
From a numerical point of view, Refs [11] [12] [13] have computed the flow around a wall mounted cylinder, the evolution of C D and the free-surface elevation for Re varying from 27 000 up to 458 000. They showed that the vorticity and C D vary with depth along the cylinder and diminish close to the free-surface. Additionally, C D is strongly influenced by free-end effects for finite height cylinders [14] . Specifically, Gonçalves et al. [15] reported experimental results in a recirculating water flume for cylinders piercing the free-surface with aspect ratio 0.1 < h/D < 2, where h is the immersed cylinder height. They focused on forces and Particle Image Velocimetry (PIV) measurements for 10 000 < Re < 50 000 and 0.07 < F r < 0.36; the Froude number F r is defined as F r = U/ √ gD with g = 9.81 m/s 2 the gravitational acceleration. For constant Re, C D values increase with h/D. Moreover, the velocity fields at Re = 43 000 revealed two recirculation regions: (i) below the cylinder and (ii) behind the cylinder. The measurements in Chaplin and Teigen [16] also showed that C D values reach a maximum with respect to F r. The evolution of C D values is in agreement with the experiments of Ducrocq et al. [17] , who investigated the behavior of subcritical and supercritical flows for different slopes of a flume with 0.5 < F r < 2.3 and Re = 50 000.
In the recent years, numerical studies have reproduced the flow and drag around free-end cylinders for different h/D [12, 13, 17, 18] , but there is a lack of data for Re around the drag crisis (Re ≈ 350 000) and almost no data for strong free-surface deformations and rupture.
An important numerical output is the mean interface elevation [12, 13] . Specifically, Keough et al. [19] analyzed the evolution of the fountain height ahead of the cylinder for Re varying between 45 000 and 380 000. They concluded a dependency of the fountain height with F r 2 , and revealed that this evolution follows Bernoulli equation for small velocity. In addition,
at the downstream side of the cylinder, the maximum cavity depth L is also believed to scale with F r 2 [16] . The cavity depth L, is schematized in Fig. 1(c) . Depending on cylinder diameter, the free-surface downstream is locally subjected to strong deformations and airentrainment in the liquid phase. Benusiglio [20] recently demonstrated a velocity threshold for air-entrainment in the cavity of a translating vertical cylinder. This phenomenon can induce drag reduction effects and it is independent of the drag crisis introduced before. At larger F r, Hay [21] reported an extensive study of the ventilated regime, where air reaches the bottom of the cylinder and creates a ventilated cavity with large waves and sprays above the nominal free-surface. Modern studies of the artificially or atmospherically ventilated structures (plates or hydrofoils) close to a free-surface are concerned with the stability of ventilated cavities (e.g. Ref. [22] ) or properties such as the void fraction measurements [23] .
The goal of the present investigation is to quantify the onset of air-entrainment effects. In addition, the present study adds new experimental results and discusses new drag measurements carried out for 4 500 < Re < 240 000 and 0.2 < F r < 2.4 with specific focus on the onset of air-entrainment [22, [24] [25] [26] . This paper is composed of two parts. In the first part, the experimental setup is described together with an optical method for free-surface height reconstruction. In the second part, results are presented with the drag force measurements and the determination of the velocity threshold for air-entrainment in the cavity. Finally, the air-entrainment results are compared with a simple model based on the balance between acceleration and gravity. The spatial resolution of the CCD camera is 300 µm per pixel and its acquisition frequency is 100 frames per second. Hence, bubbles smaller than 300 µm can not be detected. A typical image of the cylinder passing through the field of view of the camera is shown in Fig. 
1(c).
The working fluid is tap water and its height in the flume is constant: H = 40 ± 0.1 cm. The temperature is monitored hence the viscosity, the density, ρ, and the surface tension, σ, of water are corrected to take into account these variations. Indeed between all experimentations, the temperature of water changes from 16.1 to 21.3 • C. In this range of temperature, density variation represents 0.1% [27] , while viscosity variations represent 13.3% [28] . The correction allows us to keep the error for Re between 0.8 to 9.8%. The Bond number [29] , Bo = ρgD 2 /σ, varies between 26 and 3450, which implies that the capillary effects are weak. 2.55 ± 0.05. In total, 372 runs were performed, as summarized in Table I In order to measure the effect of air-entrainment on drag forces, a time average is performed on F x during 5 s at constant translating velocity. It is denotedF x . The drag coefficient C D can thus be defined as:
The Strouhal number, defined earlier, is found to be close to 0.2 ± 0.025 for D < 6 cm, using the peak of f from the spectrum of lift force signal. However, for larger diameters, the signal of lift force is noisy, presumably due to the turbulent flow or vibrations of the carriage. Moreover, the range of Re studied here and the materials used here suggest natural frequencies which are well separated from those associated with vortex-induced vibration, which is the motion induced on the elastic cylinder interacting with the turbulent fluid flow.
Such vortex-induced vibration phenomena of the elastic cylinder deformation would act like an oscillator inducing several modes corresponding to different vortex sheddings, observed by several authors [32] [33] [34] [35] .
B. Optical method
The parameter that needs to be measured is the elevation of the free-surface. The height at rest H is well controlled. However, when the cylinder passes through the observation area, the light from a vertical laser sheet located above the flume and pointing to the free-surface, represented in red in Fig. 1(b) , is shifted vertically from its initial position. The shift is the difference between the interface at rest and the deformed free-surface. It is proportional to the elevation of the free-surface. The images are captured by a camera placed on the top of the flume with a low incident angle to the free-surface. The proportionality is calibrated by recording images of the laser sheet at five known positions over 25 mm. This technique is able to detect free-surface heights with a precision estimated to ±0.1 mm. 
III. RESULTS AND DISCUSSION
The results consist on drag measurements, surface elevation measurements and image analysis. These have been obtained for different cylinder diameters translated at various speeds with constant immersion h and constant ratio h/D. The different modes of airentrainment are depicted and used to detect the critical velocity for air-entrainment in the cavity. The scaling of the velocity can be explained using a simple model described below.
A. Drag measurements
In this section, force measurements are reported in a range of Re and F r, such that the transition to air-entrainment is observed. In the present study, the drag coefficient first increases with the Re then decreases after air-entrainment occurred in the cavity downstream the cylinder. Air-entrainment is defined when the first bubble is observed or monitored from the camera images (i.e. bubble larger than 300 µm). In figure 3 , for small h/D or large diameters D, C D values first increase with
Re after the appearance of first air bubbles. Then, C D values decrease from 10% for the 4 cm diameter cylinder to 26% at maximum for the 11 cm diameter cylinder. The existence of drag reduction effect could be explained by the modification of pressure distribution along the cylinder.
In order to study the influence of gravity effect, the drag coefficient C D is also plotted as a function of F r for a constant immersion depth, h = 23 ± 0.1 cm, in Fig. 4(a) and for constant ratio, h/D = 2.55 ± 0.05, in Fig. 4(b) . As in Fig. 3 , filled (resp. empty) symbols correspond to measurements without (resp. with) air-entrainment in the cavity. In both cases, the evolution of the drag coefficient clearly shows a transition occurring at F r ≈ 1.2. For F r < 1.2, C D is roughly larger for large D or D/h. For F r > 1.2, after air-entrainment, C D values are monotonous and seem to vary linearly with F r. A similar linear behavior has also been observed in granular flows around an immersed cylinder [37] .
B. Air-entrainment
Two mechanisms of air-entrainment are revealed: (i) in the wake thanks to vortices and (ii) in a cavity behind the cylinder. For 1.4 < D < 4 cm (5 200 < Re/F r < 25 000), air-entrainment occurs in the cavity along the cylinder exclusively. This cavity [12, 13] forms viscous cusps where air-entrainment is systematically injected. Once air bubbles form below the cavity, they are carried downstream into the wake. The bubbles created by air- Then, as the velocity increases, air-entrainment also appears in the cavity. For a cylinder of 5 cm diameter, Fig. 5(a) , at Re = 34 670, shows free-surface deformation without airentrainment. In Fig. 5(b) at Re = 39 700, air-entrainment occurs in the cylinder wake.
Finally, in Fig. 5(c) , at Re = 45 700, the cavity induces air-entrainment more intensely.
For D = 16 cm and higher Re, the mechanisms of air-entrainment presented in Fig. 6 are similar. Air-entrainment appears in the wake, see Fig. 6(a) , then in the cavity, see Fig.   6 (b). The corresponding movies are available as supplementary materials. A summary of all our observations is presented in Fig. 7 , for both constant h and h/D.
In both cases, several regimes are observed where the different modes of air-entrainment are: (i) in the wake, (ii) in the cavity and (iii) in the wake and the cavity. Boundaries can be drawn between the different regimes and it is the purpose of the model below to explain the nature of some of these boundaries. The main difference between the two diagrams is the area of the wake region, which is wider for large diameters and constant h. For small h/D, the onset of air-entrainment occurs at smaller F r presumably because of the size of the recirculation below the free-surface [15, 18] . Additionally, the fact that the two diagrams are almost indistinguishable suggests that the immersed height, h, has little effect on the air-entrainment when h > 23 ± 0.1 cm and h/D > 2.55 ± 0.05. Hence, air entrainment is mainly due to the free-surface dynamics and deformation.
Indeed, the main feature associated to air-entrainment is the deformation of the cavity behind the cylinder. The optical method described earlier and the direct observations of graduations along the cylinder allowed to measure the cavity depth L for various conditions.
Specifically, the observations of graduated cylinders are reported in Fig. 8 : L/D as a function of F r 2 Re. L represents the mean value from 10 snapshots (see Fig. 8(c) and (d) ). The error bars are the maximum observed deviation from the mean value. Clearly, the behavior is nonlinear, typically after air-entrainment takes place. However, in the range of F r 2 Re before air-entrainment, L/D varies linearly with F r 2 Re. The proportionality coefficients seem to decrease with the diameter. These measurements are insufficient to provide a definite scaling of the cavity height. In fact, the cavity is unsteady and the liquid motion is more disordered as the velocity increases.
Air-entrainment phenomenon in the cavity could be explained using the model developed by Benusiglio [20] where the acceleration of the cavity γ is balanced by the gravitational acceleration g. γ is controlled by the vortex shedding frequency f , calculated from the Strouhal number. In the range of Re of the present study, St is assumed constant (∼ 0.2) [5] although some studies have shown its variability upon the cylinder aspect ratio [18, 38, 39] .
The acceleration γ of the cavity of depth L is defined as follows:
In equation (2), L is determined using Bernoulli's equation between two positions upstream and downstream of the cylinder. At upstream position the mean flow velocity is U whereas at the downstream position the flow velocity is taken as the maximum velocity U of a Rankine vortex Γ/2πa [40] where Γ is the circulation around half of the cylinder DU /2, and a represents the core radius of the vortex. The parameter a scales with D/ √ Re the boundary layer thickness [41] . With these assumptions, Benusiglio [20] proposed a scaling for L:
which has not been validated experimentally or numerically. However, our current measure- fit well the present data for D ≤ 6 cm. For larger diameters, the critical velocity given by Benusiglio [20] refers to air-entrainment in the cylinder wake like in Fig. 5(b) , while our present data refers only to air-entrainment in the cavity. Hence, air-entrainment requires large inertial effects or strong gravity effects. It is interesting to note that the stability diagram in Fig. 9(b) is consistent with the results of Kumagai et al. [42] for horizontal cylinder translating beneath an air-water interface. c , which is in good agreement with the scaling of the model of Benusiglio [20] . In the future, the shape of the cavity will be studied in more details in order to quantify the contribution of wetting properties [29, 43] and the capillary-gravity waves.
